RB. EP 3 receptors mediate PGE2-induced hypothalamic paraventricular nucleus excitation and sympathetic activation. Am J Physiol Heart Circ Physiol 301: H1559 -H1569, 2011. First published July 29, 2011; doi:10.1152/ajpheart.00262.2011, an important mediator of the inflammatory response, acts centrally to elicit sympathetic excitation. PGE 2 acts on at least four E-class prostanoid (EP) receptors known as EP1, EP2, EP3, and EP4. Since PGE 2 production within the brain is ubiquitous, the different functions of PGE2 depend on the expression of these prostanoid receptors in specific brain areas. The type(s) and location(s) of the EP receptors that mediate sympathetic responses to central PGE 2 remain unknown. We examined this question using PGE 2, the relatively selective EP receptor agonists misoprostol and sulprostone, and the available selective antagonists for EP 1, EP3, and EP4. In urethane-anesthetized rats, intracerebroventricular (ICV) administration of PGE2, sulprostone or misoprostol increased renal sympathetic nerve activity, blood pressure, and heart rate. These responses were significantly reduced by ICV pretreatment with the EP 3 receptor antagonist; the EP1 and EP 4 receptor antagonists had little or no effect. ICV PGE2 or misoprostol increased the discharge of neurons in the hypothalamic paraventricular nucleus (PVN). ICV misoprostol increased the c-Fos immunoreactivity of PVN neurons, an effect that was substantially reduced by the EP 3 receptor antagonist. Real-time PCR detected EP3 receptor mRNA in PVN, and immunohistochemical studies revealed sparsely distributed EP 3 receptors localized in GABAergic terminals and on a few PVN neurons. Direct bilateral PVN microinjections of PGE2 or sulprostone elicited sympathoexcitatory responses that were significantly reduced by the EP3 receptor antagonist. These data suggest that EP3 receptors mediate the central excitatory effects of PGE 2 on PVN neurons and sympathetic discharge. cardiovascular; prostaglandin E2; sympathetic nerve activity; brain; E-class prostanoid receptor PROSTAGLANDIN E 2 (PGE 2 ) is an important mediator of the effects of the proinflammatory cytokines on the central nervous system. Blood-borne proinflammatory cytokines induce cyclooxygenase-2 (COX-2) expression in the microvasculature of the blood-brain barrier, generating PGE 2 that can diffuse into brain tissue to elicit a variety of responses including fever (21, 31, 32, 40) and activation of the hypothalamo-pituitary-adrenal axis (26, 34, 45) . Recent studies from our laboratory suggest that this mechanism contributes to the augmented sympathetic nerve activity in rats with ischemia-induced systolic heart failure (12, 18, 48) , in which plasma concentrations of proinflammatory cytokines are high.
cardiovascular; prostaglandin E2; sympathetic nerve activity; brain; E-class prostanoid receptor PROSTAGLANDIN E 2 (PGE 2 ) is an important mediator of the effects of the proinflammatory cytokines on the central nervous system. Blood-borne proinflammatory cytokines induce cyclooxygenase-2 (COX-2) expression in the microvasculature of the blood-brain barrier, generating PGE 2 that can diffuse into brain tissue to elicit a variety of responses including fever (21, 31, 32, 40) and activation of the hypothalamo-pituitary-adrenal axis (26, 34, 45) . Recent studies from our laboratory suggest that this mechanism contributes to the augmented sympathetic nerve activity in rats with ischemia-induced systolic heart failure (12, 18, 48) , in which plasma concentrations of proinflammatory cytokines are high.
Neither the prostanoid receptors that mediate the effects of PGE 2 on sympathetic drive nor their central nervous system location(s) have been identified. There are at least four subtypes of E-class prostanoid (EP) receptors-EP 1 , EP 2 , EP 3 , and EP 4 -that mediate the responses to PGE 2 (2, 30, 31, 35, 45) , and their distribution is believed to determine the effects of PGE 2 (35) . One prior study (2) , using intracerebroventricular (ICV) administration of EP agonists, suggested that the EP 3 receptor mediates PGE 2 -induced increases in heart rate (HR), blood pressure (BP), and renal sympathetic nerve activity (RSNA).
The central administration of PGE 2 activates multiple forebrain sites involved in cardiovascular and autonomic regulation (20) . Among these is the paraventricular nucleus (PVN) of the hypothalamus, an important presympathetic nucleus (6, 7, 19 ) that has been implicated as a source of sympathetic excitation in rats with systolic heart failure (9 -11, 23) . Our previous work with that model has revealed a dramatic upregulation of COX-2 expression in the perivascular macrophages of the dense microvascular network of the PVN, in close proximity to excited PVN neurons. Preventing COX-2 expression reduced PVN neuronal excitation and sympathetic excitation, suggesting an important role for PGE 2 (17, 48, 49) . The present study examined the hypothesis that PGE 2 , acting on EP receptors in the PVN, contributes to the cardiovascular and sympathetic responses to centrally administered PGE 2 .
METHODS
Experiments at the University of Iowa were performed on male Sprague-Dawley rats weighing 300 -350 g. Rats were housed in the University of Iowa Animal Care Facility and exposed to a normal 12-h:12-h light-dark cycle. All experimental protocols were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. The experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Iowa and the Research and Development Committee of the Iowa City Department of Veterans Affairs Medical Center.
Experiments at Kyoto University were performed on male Sprague-Dawley rats (200 -250 g), conformed to the guidelines of animal care by the Institute of Laboratory Animals, Faculty of Medicine, Kyoto University, and were approved by the Animal Research Committee, Graduate School of Medicine, Kyoto University (MedKyo11095).
Experimental Protocols
Electrophysiological and hemodynamic recording studies. Anesthetized rats (n ϭ 133) were instrumented with femoral arterial and venous catheters, renal nerve recording electrodes, and craniotomies as needed in each protocol for PVN neuronal recording and ICV injections or bilateral PVN tissue microinjections. There were five experimental protocols:
1) In 15 rats, PVN neuronal activity, RSNA, BP, and HR were recorded during ICV injections of PGE 2 (0.5 nmol), the EP receptor agonist misoprostol (0.5 nmol) or vehicle [Veh, 1% DMSO in artificial cerebrospinal fluid (aCSF)].
2) In 64 rats, RSNA, BP, and HR were recorded during ICV injections of PGE 2 (0.5 nmol), the EP receptor agonists misoprostol (0.5 nmol) or sulprostone (0.5 nmol), before and 10 min after ICV administration of the EP1 receptor antagonist (SC-19220, 10 nmol), the EP3 receptor antagonist (L-798106, 10 nmol) or the EP4 receptor antagonist (L-161982, 10 nmol).
3) In 12 rats, RSNA, BP, and HR were recorded during ICV injection of PGE 2 (0.5 nmol) before and 10 min after bilateral PVN microinjection of L-798106 (2 nmol).
4) In 17 rats, RSNA, BP, and HR were recorded during bilateral PVN microinjection of PGE 2 (0.2 nmol), PGE2 ϩ L-798106 (2 nmol), sulprostone (0.2 nmol) or Veh (100 nl).
5) In 25 rats, RSNA, BP, and HR were recorded during bilateral PVN microinjection of PGE 2 (0.2 nmol), sulprostone (0.2 nmol) or Veh (100 nl), before and 10 min after ICV pretreatment with the EP3 receptor antagonist (L-798106, 10 nmol).
To minimize the number of animals used, most rats underwent 1-3 interventions in variable order, with full recovery of recorded variables to baseline levels before each subsequent intervention, usually within about 90 min. In some experiments, more than one PVN unit was recorded and tested.
Immunohistochemical and immunofluorescent studies. c-Fos expression in the PVN was examined in tissues collected from 22 rats euthanized 2 h after ICV administration of Veh ϩ misoprostol (0.5 nmol), L-798106 (10 nmol) ϩ misoprostol (0.5 nmol), or Veh alone.
EP 3 receptor expression in the PVN was examined in tissues collected from four untreated euthanized rats using immunohistochemistry and double immunofluorescent staining for EP3 receptors and the 67-kDa form of glutamic acid decarboxylase (GAD67), a marker for GABAergic neuronal terminals.
Real-time PCR. EP 3 receptor mRNA expression in the PVN was examined in tissues collected from 10 untreated euthanized rats.
Electrophysiology, Hemodynamic Recording, and Microinjection
Rats were anesthetized with urethane (1.5 g/kg ip). The left femoral artery was cannulated for measurement of BP and the left femoral vein for delivery of drugs. The level of anesthesia was assessed by continuously recording BP and HR and periodically checking nociceptive reflex responses. Supplemental urethane (0.1-0.3 g/kg ip or iv) was administrated as needed.
Animals were intubated to facilitate spontaneous respiration and were placed in a stereotaxic head holder. Core temperature was kept at 37 Ϯ 0.3°C with a heating blanket. Small craniotomies were performed to expose the brain for microinjection or recording in the PVN or for lateral ventricular injections.
ICV and PVN microinjections. For ICV injections (49, 54) , a 23-gauge stainless steel guide cannula was lowered into the right lateral cerebral ventricle using the following stereotaxic coordinates: Ϫ1.0 mm from bregma, 1.5 mm lateral to midline, and 3.5 mm ventral to dura (33) . Injections (2 l over 10 s) were made via a 29-gauge stainless steel cannula advanced beyond the tip of the guide cannula. At the conclusion of the study, Pontamine sky blue (2 l) was injected to validate the position of the ICV cannula.
For bilateral PVN microinjections (52, 53), two 29-gauge guide cannulas were placed 1.8 mm posterior to bregma, one 0.4 mm lateral to midline, and the other 1.9 mm lateral to midline but angled 10°t oward midline. Both cannula tips were advanced to a final position 6.6 mm ventral to dura, 1 mm above the PVN (33) . A 35-gauge (128 m outer diameter, and 51.2 m inner diameter) stainless steel injection cannula was then advanced to a position 1.0 mm beyond the tip of each guide cannula. Bilateral simultaneous PVN microinjections (100 nl over 10 s) were made using 0.5-l Hamilton microsyringes. At the end of experiments, 2% Pontamine sky blue (100 nl) was injected at the same locations for histological verification of the microinjection sites.
Electrophysiological recordings. A craniotomy was performed to access the left PVN for extracellular single-unit recording, using glass micropipettes as previously described (51, 53) . Stereotaxic coordinates for PVN recording were 1.6 -2.1 mm posterior to bregma, 0.3-0.5 mm lateral to midline, and 7.0 -8.0 mm ventral to dura (33) . Pontamine sky blue was iontophoresed to mark the last recording site. Other recording sites were extrapolated from this point.
RSNA was recorded from the left renal nerve using previously reported methods (42, 43, 53, 55) . In brief, the renal nerve was exposed through a left flank incision. A branch was dissected free from surrounding tissue and placed on bipolar silver wire recording electrodes and covered with silicon sealant. The animal was allowed to stabilize for at least 1 h before recording began. RSNA was amplified and displayed on an oscilloscope. The background noise level was determined by ganglionic blockade with hexamethonium (30 mg/kg iv) at the end of the experiment. Background noise was subtracted from the actual recorded activity to determine RSNA.
The BP signal, the rectified and integrated RSNA, and the PVN extracellular single-unit activity were fed into an online data acquisition system (Cambridge Electronics Design 1401 Plus) coupled with a computer. Mean BP (MBP) and HR were derived from the BP tracing. MBP, HR, integrated RSNA, and PVN single-unit discharges were averaged over 1-min intervals. A 5-min baseline was used as the control. Because of the baseline variations among animals, changes from baseline are reported instead of absolute values. RSNA is reported as a percent change from the baseline activity.
After the experiments were finished, rats were euthanized with an overdose of urethane. The brain was removed and fixed in a 10% formalin solution for 3 days and then sectioned (40 m) on a cryostat. The sections were mounted on microscope slides and stained with 1% aqueous neutral red. Sites stained with Pontamine sky blue were identified with a light microscope, and the locations of other microinjection and recording sites were extrapolated with respect to this reference point. The recording and injection sites were plotted on representative schematic tracings of the PVN, based on the rat atlas of Paxinos and Watson (33) .
Immunohistochemistry and Immunofluorescence
For c-Fos immunohistochemistry, rats were deeply anesthetized with urethane and transcardially perfused with 4% paraformaldehyde in 0.1 M PBS. Brains were removed and kept in the fixative overnight and then transferred to 30% sucrose in 0.1 M PBS overnight. The fixed forebrain region containing PVN was sliced into 16-m coronal sections with a cryostat. Sections were mounted on slides and stored at Ϫ80°C for later studies. The sections were processed for c-Fos activity using the avidin-biotinperoxidase complex technique as previously described (17, 46, 48) . They were incubated overnight at 4°C with a primary rabbit anti-rat polyclonal anti-fos antibody (K-25, 1:2,000, Santa Cruz Biotechnology, Santa Cruz, CA) and then for 1 h at room temperature with a secondary biotinylated anti-rabbit antibody (1:5,000, PK-6101, Vector, Burlingame, CA). The c-Fos positive neurons were colored with DAB kit (SK-4100, Vector). In each rat, the (47, 54) . The number of c-Fos positive neurons used in the data analysis was determined by averaging the counts from two representative sections approximately Ϫ1.80 mm from bregma. The investigator counting c-Fos labeling was blinded to the experimental groups.
Immunohistochemistry for EP 3 receptors was performed as previously described (28, 29) . Briefly, rats were deeply anesthetized with chloral hydrate (280 mg/kg ip) and were transcardially perfused with 4% formaldehyde (pH 7.4). The brain was removed, postfixed in the fixative at 4°C for 8 h, and then cryoprotected with a 30% sucrose solution overnight. The tissue was cut into 20-m-or 40-m-thick frontal sections on a freezing microtome.
For single immunoperoxidase staining for EP 3 receptors, the brain sections (thickness, 40 m) were incubated overnight with an anti-rat EP3 receptor rabbit polyclonal antibody (1 g/ml) (27) and then for 1 h with a biotinylated donkey antibody to rabbit IgG (10 g/ml; Chemicon, Temecula, CA). The sections were further incubated for 1 h with avidin-biotinylated peroxidase complex (ABC-Elite; 1:50; Vector). Bound peroxidase was visualized by incubating the sections with a solution containing 0.02% 3,3=-diaminobenzidine tetrahydrochloride (Sigma), 0.001% hydrogen peroxide, and 50 mM Tris·HCl (pH 7.6).
For double immunofluorescent staining for EP 3 receptors and GAD67, a marker for GABAergic neuronal terminals, the brain sections (thickness, 20 m) were incubated overnight with a mixture of an anti-EP 3 receptor rabbit antibody (1 g/ml) and an anti-GAD67 mouse monoclonal antibody (1:300; MAB5406, Chemicon). Subsequently, the sections were incubated for 1 h with a biotinylated donkey antibody to rabbit IgG (10 g/ml) and then blocked with 10% normal rabbit serum. The sections were further incubated for 1 h with Alexa594-conjugated goat antibody to mouse IgG (10 g/ml; Molecular Probes, Eugene, OR) and then with ABC-Elite (1:50). The sections were incubated for 13 min with fluorescein-labeled tyramide (1:50; Tyramide Signal Amplification systems, PerkinElmer, Boston, MA) according to the manufacturer's manual. The fluorescence signals for EP 3 receptor and GAD67 immunoreactivities in the PVN were detected under a confocal laser-scanning microscope (LSM 5 PASCAL; Zeiss).
Real-Time PCR
Brain tissue was cut into 500-m coronal sections. A punch biopsy was obtained from the PVN, including some immediately surrounding hypothalamus, using a 15-gauge needle stub (inner diameter, 1.5 mm) according to a previously described method (47, 49) ; a part of the cerebral cortex from the same coronal section was also punched to obtain control tissues. Tissues were homogenized in TriReagent (Molecular Research Center, Cincinnati, OH) to extract total RNA for EP 3 receptor mRNA study. Following reverse transcription of total RNA, quantifications for mRNA expression of EP3 receptor and GAPDH were performed using the SYBR green real-time PCR method as previously described (16, 44) . The sequences of primers used were as follows: EP 3 receptor: forward primer, 5=-CACCACG-GAGACGGCTATC-3=; reverse primer, 5=-AGGCGAACGGC-GATTAGG-3=; (16) GAPDH: forward primer, 5=-AAGGTCATC-CCAGAGCTGAA-3=; reverse primer, 5=-ATGTAGGCCATGAG-GTCCAC-3=. (44) . Real-time PCR was performed using the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Carlsbad, CA). The values were normalized by GAPDH, and the final concentration of mRNA was calculated using the formula x ϭ 2 Ϫ⌬⌬Ct (24), where x is fold difference relative to cerebral cortex.
Drugs Administered
Hexamethonium bromide, SC-19220, and urethane were purchased from Sigma (St. Louis, MO). Misoprostol, L-798106, L-161982, PGE 2, and sulprostone were purchased from Tocris (Ellisville, MO). Misoprostol, L-798106, L-161982, SC-19220, and sulprostone were first dissolved in dimethyl sulfoxide (DMSO) and then diluted in aCSF to make a 1% final DMSO concentration. PGE2 was dissolved in aCSF for ICV injection or for PVN microinjection. The doses of drugs selected in this study were derived from previous reports from our laboratory and others and were optimized in preliminary experiments.
Statistics
Statistical significance among multiple comparisons was determined by two-way repeated-measures ANOVA followed by post hoc Tukey's test. For other unpaired data, a Student's t-test was used for comparison between groups. Values are expressed as means Ϯ SE. P Ͻ 0.05 was considered as statistically significance. (Fig. 1,  A and C) . These responses started ϳ1 to 2 min after injection, peaked at ϳ15-20 min, and recovered about 60 min following injection. ICV injection of misoprostol (0. (Fig. 1, B and C) . These responses (onset latency, amplitude) were similar to the responses to the ICV PGE 2 injection, but longer lasting (Ͼ60 min). The RSNA, MBP, and HR responses to ICV sulprostone were similar to those elicited by PGE 2 and misoprostol (Fig. 3) .
RESULTS

Sympathoexcitatory Effects of ICV Injection of PGE
The RSNA, HR, and BP responses to PGE 2 , misoprostol, and sulprostone (Figs. 2 and 3) were all significantly (P Ͻ 0.05) diminished by pretreatment (10 min) with EP 3 receptor antagonist L-798106. The HR response to misoprostol and the MBP and RSNA responses to sulprostone were slightly less in Bilateral PVN microinjection of L-798106 significantly reduced ICV PGE 2 -induced sympathoexcitatory responses (Fig. 4) , but not as much as the ICV L-798106 injection. ICV injection of L-798106, L-161982, or SC-19220 or bilateral microinjection of L-798106 alone did not change baseline activity (data not shown). ICV injection of Veh (2 l) had no effect on the measured variables.
Bilateral PVN microinjection of PGE 2 (0.2 nmol) increased RSNA (25.8 Ϯ 3.4%), MBP (8.0 Ϯ 2.1 from baseline of 94.3 Ϯ 3.4 mmHg), and HR (40.6 Ϯ 7.5 from baseline of 328.8 Ϯ 11.7 beats/min) (Fig. 5, A and C) , though to a lesser extent than the ICV PGE 2 injections (Figs.  1-3 ). Responses to PVN PGE 2 microinjections occurred in ϳ2 to 3 min, peaked at ϳ25-30 min, and lasted longer than 60 min. Bilateral PVN microinjection of the EP 3 receptor antagonist L-798106 (2 nmol), immediately before bilateral microinjection of PGE 2 , prevented the PGE 2 -induced responses (Fig. 5C ). Bilateral PVN microinjection of misoprostol elicited similar responses (Fig. 5, B and C) , with larger increases in HR. Similarly, bilateral PVN microinjection of sulprostone increased RSNA (31.1 Ϯ 3.0%), MBP (10.9 Ϯ 1.3 from baseline of 98.2 Ϯ 2.8 mmHg), and HR (55.2 Ϯ 3.8 from baseline of 317.5 Ϯ 9.7 beats/min) (Fig. 6,  A and C) . The sympathoexcitatory responses to bilateral PVN microinjection of PGE 2 or sulprostone were significantly diminished by pretreatment with ICV L-798106 (Fig.  6, B and C) .
Microinjections of PGE 2 , sulprostone, and misoprostol into hypothalamic areas surrounding the PVN (1 mm lateral or dorsal) had no significant effects on RSNA, BP, or HR. Microinjection of the same volume (100 nl) of Veh in the PVN also had no effect on these variables.
The single unit recording and microinjection sites in PVN are shown in Fig. 7 . The PVN neurons recorded in this study were mainly located in the dorsal, ventrolateral, and medial parvocellular regions. There was no obvious anatomical cluster of neurons responsive to administered PGE 2 or misoprostol within these areas. The microinjection sites were located throughout the PVN. No specific responsive regions were identified.
All ICV injections were within the lateral cerebral ventricles, as confirmed by visualization of Pontamine sky blue in all cerebral ventricles.
Effects of ICV Injection of Misoprostol on c-Fos Activity in PVN Neurons
Two hours after ICV administration of misoprostol, c-Fos activity was significantly (P Ͻ 0.05) increased in the PVN, compared with Veh-treated rats (Fig. 8, A and B) . Greater (3.5-fold) increases were observed in the parvocellular subnuclei (ventrolateral, dorsal, and medial) of the PVN than in magnocellular PVN (Fig. 8, A and B) . Areas outside PVN, at the same stereotaxic level, had only scattered c-Fos activity, and there was no difference in these areas between groups.
In rats pretreated ICV with the EP 3 receptor antagonist L-798106, ICV misoprostol-induced c-Fos activity was significantly (P Ͻ 0.05) less in both parvocellular and magnocellular PVN subnuclei (Fig. 8, A and B) .
EP 3 Receptor Expression in PVN
Immunoperoxidase staining visualized EP 3 receptor immunoreactivity in the PVN using an anti-EP 3 receptor antibody whose specificity in rat brain tissues was confirmed in our previous studies (27) (28) (29) . The PVN and the periventricular hypothalamic nucleus were clearly identified with moderate to weak EP 3 receptor immunoreactivity (Fig. 9A) . EP 3 receptor immunoreactivity in the PVN was relatively intense compared with that in the adjacent anterior hypothalamic area (Fig. 9A) . EP 3 receptor immunoreactivity in the PVN was mostly observed in neuropil, whereas cell bodies exhibiting the immunoreactivity were very few (Fig.  9B) . No remarkable difference in the density of EP 3 immunoreactivity was observed among the PVN subdivisions.
To examine the possibility of localization of EP 3 receptors in GABAergic neuronal terminals in the PVN, we performed double immunofluorescence staining for EP 3 receptors and GAD67, a marker for GABAergic neuronal terminals. Confocal microscopy revealed that most EP 3 receptor-immunoreactive processes and terminals in the PVN were negative for GAD67 immunoreactivity (Fig. 9C) . However, we occasionally found EP 3 receptor-immunoreactive terminals that contained GAD67 immunoreactivity (arrows, Fig. 9C ). The density of such double-labeled terminals was not different among the PVN subdivisions. EP 3 mRNA expression was detectable by real-time PCR (cycle threshold below 35 cycles) in both the cerebral cortex and the PVN. The average cycle threshold value of EP 3 receptor mRNA was 26 for the cerebral cortex and 23 for PVN tissues (Fig. 9D) . The level of EP 3 receptor mRNA in the PVN was significantly higher (ϳ8-fold) than that in the cerebral cortex (Fig. 9E) .
DISCUSSION
The present study lends strong support to the hypothesis that EP 3 receptors mediate the sympathetic response to centrally administered PGE 2 and suggest a potential role for EP 3 receptors in the hypothalamic PVN. The findings have important implications for pathophysiological states like hypertension and systolic heart failure in which proinflammatory cytokines (18, 46, 48) and angiotensin II (4) may induce the formation and release of PGE 2 in the brain.
Centrally administered PGE 2 is known to elicit a sympathoexcitatory response (1, 2, 14, 37, 53), but the receptors that mediate that response and their location(s) within the central nervous system have remained elusive. In the present study, ICV administration of two EP receptor agonists that can activate EP 3 receptors, albeit nonselectively, elicited sympathoexcitatory responses similar to those elicited by ICV PGE 2 ; ICV administration of a selective EP 3 receptor antagonist, but not an EP 1 or an EP 4 receptor antagonist, largely prevented those effects. The other two available selective antagonists, to EP 1 and EP 4 , had only minimal or no effect at all on sympathetic responses induced by ICV PGE 2 or the two EP agonists. The lack of a selective antagonist for the EP 2 receptor precluded our testing for its effects, but previous work with an EP 2 agonist (2) suggested no role for the EP 2 receptor in the sympathoexcitatory response to PGE 2 . Our results are consistent with that study (2) in which ICV administration of an EP 3 receptor agonist mimicked the effects of ICV PGE 2 , increasing HR, arterial pressure, and RSNA, but the EP 1 , EP 2 , and EP 4 agonists did not.
ICV injection of PGE 2 excites neurons in multiple cardiovascular-related nuclei (20) including the PVN. In a heart failure model, in which CSF PGE 2 levels are increased, COX-2 activity is dramatically increased in perivascular cells of the microvessels penetrating the PVN, and augmented COX-2 activity correlates with increased c-Fos expression among PVN neurons and increased sympathetic nerve activity (9, 17, 48, 49) , e.g., reducing COX-2 activity by eliminating perivascular macrophages decreases c-Fos expression in the PVN and sympathetic activity. In the present study, ICV PGE 2 and misoprostol excited PVN neurons, and misoprostol increased c-Fos expression diffusely in PVN, including in parvocellular regions of the PVN that harbor presympathetic neurons. PVN neuronal excitation occurred concomitant with the increases in RSNA, HR, and BP, consistent with central activation rather than a secondary baroreceptor-mediated response that would be expected to decrease rather than increase PVN neuronal activity (5). While direct bilateral microinjections of an EP 3 antagonist into the PVN had only a partial effect to prevent the While these findings would seem to suggest that EP 3 receptors within the PVN contribute to the central sympathoexcitatory responses to ICV PGE 2 , they do present a conundrum. The PVN is not among those nuclei that are heavily invested with EP 3 receptors (8, 28) . Our immunohistochemical studies confirmed previous work (28) demonstrating that EP 3 receptors are sparsely present in the PVN, confined mostly to the neuropil, with no particular subnuclear localization. A few EP 3 receptors appeared to be located on PVN neurons, perhaps accounting for the ability of real-time PCR to detect EP 3 receptor mRNA, but again without any specific subnuclear localization.
The EP 3 receptor is generally considered to couple to inhibitory GTP-binding proteins, although some EP 3 receptor isoforms also couple to excitatory ones (22, 38) . Since the activity of presympathetic PVN neurons is normally restrained by a potent GABAergic inhibition (50), we investigated the possibility that the EP 3 receptors might be located on presynaptic GABAergic terminals in the PVN, where they might activate the PVN by disinhibiting GABAergic restraint. Such a role for EP 3 receptors has been described in the regulation of supraoptic nucleus neurons (15) . However, while our immunofluorescent studies show colocalization of some EP 3 receptors with GABAergic terminals, most of the terminals containing EP 3 receptors in the PVN were non-GABAergic. This observation might support an alternative possibility, that EP 3 receptors in the PVN are located in excitatory neuronal terminals and can facilitate the release of excitatory neurotransmitters (e.g., glutamate) through coupling to excitatory GTP-binding proteins.
An EP 3 -mediated excitatory influence of PGE 2 on PVN neurons has been demonstrated in a brain slice preparation (13) , prompting the suggestion that PGE 2 activates PVN neurons by inhibiting local peri-PVN GABAergic interneurons (13) . We were unable to demonstrate a dense distribution of EP 3 receptors in brain tissues immediately surrounding the PVN. However, because of the dense vascularity of the PVN, it is conceivable that direct microinjections of EP agonists into PVN may have spread to affect GABAergic neuronal populations in peri-PVN regions (13, 36, 39) . Further studies are needed to clarify the site(s) at which PGE 2 might act to disinhibit or otherwise excite PVN neurons.
The present study was performed in the context of our previous studies with a heart failure model, which manifests increased CSF PGE 2 levels induced by circulating proinflammatory cytokines (18, 46, 48, 49) . In addition, in normal rats an acute intracarotid injection of tumor necrosis factor-␣ induced a PGE 2 -mediated central sympathoexcitatory response. In these two settings, our data would suggest that increased CSF PGE 2 might stimulate EP 3 receptors, and thus sympathetic activity. Interestingly, a recent work has demonstrated a role for EP 1 receptors in the subfornical organ in angiotensin II-induced hypertension in the rat (4).
These results, examining the role of EP receptors in a different central nucleus and in a different pathophysiological model, speak to the potential pleiotropic influences of PGE 2 , acting on different receptors and regions of the central nervous system. Further studies are needed to address other potential sites and other receptor mechanisms by which PGE 2 might mediate increases in sympathetic drive in cardiovascular disease states.
A limitation of this study is the lack of specificity of the EP agonists misoprostol and sulprostone. Sulprostone has greater affinity for the EP 1 and EP 3 receptors (3, 25, 41, 45) , but both agonists have been shown to have some activity at multiple EP receptors (25, 30) . Therefore, the interpretation of the present study hinges more on the selectivity of the receptor antagonists: the selective EP 3 antagonist consistently provided the greatest inhibition of responses to PGE 2 and the EP agonists, whether administered ICV or microinjected directly into the PVN.
Perspectives PGE 2 is a critical effector molecule for inflammatory processes affecting the brain. Its roles in the febrile response and in the activation of the hypothalamic-pituitary-adrenal axis are well recognized. The more recent recognition of an inflammatory component of cardiovascular diseases, particularly in hypertension and heart failure, has stimulated new interest in how inflammation might alter autonomic function. Our previous work in an experimental model of heart failure has demonstrated that cytokine-induced COX-2 activity in perivascular macrophages of the blood-brain barrier increases PGE 2 in the brain, thereby augmenting sympathetic drive. The present study found that the sympathoexcitatory effects of ICV PGE 2 are largely mediated by the EP 3 receptor, with a significant contribution of EP 3 receptors in the PVN. Emerging evidence suggests that PGE 2 activation of EP 1 receptors in the subfornical organ may also play an important sympathoexcitatory role in the context of angiotensin II-induced hypertension. Further delineation of the mechanisms by which PGE 2 and its receptors effect changes in sympathetic drive may help identify new targets for therapeutic intervention in chronic cardiovascular diseases like heart failure and hypertension. B: magnified image of EP3 receptor immunoreactivity in the PVN. EP3 receptor immunoreactivity was predominantly localized in neuropil but was present in a few cell bodies in the PVN. C: confocal laser-scanning microscopy of double immunofluorescence labeling for EP3 receptor (green) and the 67-kDa form of glutamic acid decarboxylase (GAD67; red) in the PVN. This image was taken in the ventrolateral subdivision. Arrows indicate EP3 receptor-immunoreactive terminals that contain GAD67 immunoreactivity. D: representative progress curves done in duplicate for the realtime PCR amplification of EP3 receptor and GAPDH cDNA in the PVN and cerebral cortex at the same level. E: quantitative comparison of EP3 receptor mRNA expression in PVN vs. cerebral cortex. Values are means Ϯ SE and expressed as fold difference relative to cerebral cortex; n ϭ 10 rats for each group. *P Ͻ 0.05 vs. cortex.
